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Abstract 

By tailoring the wavefront of the laser pulse used in a laser- wakefield accelerator, we show that the 
properties of the x-rays produced due to the electron beam's betatron oscillations in the plasma 
can be controlled. By creating a wavefront with coma, we find that the critical energy of the 
synchrotron- like x-ray spectrum can be significantly increased. The coma does not substantially 
change the energy of the electron beam, but does increase its divergence and produces an energy- 
dependent exit angle, indicating that changes in the x-ray spectrum are due to an increase in the 
electron beams oscillation amplitude within the wakefield. 



The use of intense laser pulses to excite plasma waves with a relativistic phase velocity 
is a possible route to the development of compact particle accelerators. Using this laser 
wakefield acceleration technique, experiments have produced quasi-monoenergetic 0.1 to 1 
GeV electron beams in distances on the order of 1 cm, [U EJ |3j. Such compact particle 
sources have a clear potential as a source of x-rays. The plasma waves produced in current 
generation experiments not only have a strong accelerating field but also have strong focusing 
fields. These focusing fields can cause electrons within the wakefield to oscillate transverse 
to their acceleration direction, in 'betatron orbits'. This motion generates x-ray radiation 
which can have properties, in particular peak brightness, similar to those achievable with 
conventional '3rd generation' light sources [4]. This is, in part, due to the ultra-short-pulse 
nature of these x-ray sources, which are thought to be at least as short as the laser pulse 
involved in the interaction, [5j, i.e. on the order of tens of femtoseconds. Such x-ray sources 
could be used for a wide range of studies into the structure of matter. The ultra-short 
duration of the x-ray pulse and the possible femtosecond synchronization with other photon 
and particle sources driven by the same laser offer significant benefits. 

Studies to date have concentrated on characterizing the properties of this x-ray source in 
terms of the spectrum, angular distribution, source size and its ultra-short nature [HE1EIII]- 
In this letter we demonstrate an ability to control the spectral properties of the betatron 
x-ray source by controlling the laser wavefront. 

In Ref. [8] a correlation between the energy of the electron beam and the angle at which 
it exited the plasma was attributed to betatron oscillations caused by off axis injection 
of the electrons. It was hypothesised that this was caused by an aberration in the focal 
spot. However in that study no direct control of the excitation of the betratron motion 
was attempted, nor was the effect on x-ray production measured. In this work we use a 
deformable mirror to tailor the laser wavefront and show that the x-ray spectrum can be 
changed significantly, in particular we show that a coma wavefront produces more high- 
energy photons than a 'flat' wavefront. This change in the photon spectrum is due to an 
increase in the strength of the plasma wiggler, a direct result of off-axis injection. 

In the blow-out regime relativistic electrons with energy 7m e c 2 undergo transverse (or 
betatron) oscillations at the betatron frequency^ = UJ P /^J2^ ) with a wavenumber k@ = uop/c 
(where uj p = ^/n e e 2 /m e e is the plasma frequency of a plasma of electron density n e ). The 
wiggler (or betatron) strength parameter for an electron oscillating with an amplitude 773 
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is K = 'jkprp. For sufficiently large oscillations (K > 1) the radiation is broadband and 
well characterized by a synchrotron-like spectrum [H |9], i.e. close to the axis (9 = 0) the 
spectrum takes the form of d 2 I / (dEdQ)o =0 oc ^ 2 JCy 3 (^/2) ) where K,2/${x) is a modified bessel 
function of order 2/3 and £ = E/E c . The shape of this spectrum is characterized by a single 
parameter, the critical energy E c . The on-axis spectrum is broadband and peaked close to 
E C) with approximately half the energy radiated below E c (note the present definition of E c 
is different to that used in refs [3, [9] but consistent with refs [U El HQ]). For fixed 7 and n e , 
the critical energy is directly proportional to the oscillation amplitude. E c = ^h^ 2 uj 2 r^/c. 
Thus increasing the oscillation amplitude of the electrons within the wakefield is expected 
to have a significant effect on the x-ray photon spectrum. 

The experiment was performed using the multi-TW laser at the Lund Laser Centre, which 
provided 0.6 J energy pulses on target with a fwhm duration of 45 ± 5 fs at a central 
wavelength of 800 nm. The laser was focused onto the edge of a 2 mm supersonic helium 
gas jet using an f/9 off-axis parabolic mirror. The plasma density was held constant at 
1.5 x 10 19 cm -3 , at which the laser pulse length is approximately 1.5 times the wavelength 
of the relativist ic plasma wave X p = 2ttc/uj p = 9 /xm. 

The laser wavefront was measured using a wavefront sensor (Phasics SID4). A 32 ac- 
tuator deformable mirror (Night N Adaptive Optics DM2-65-32), placed before the focus- 
ing optic was used to correct for wavefront errors present in the laser system, defining 
our 'flat' wavefront. The deformable mirror could be adjusted to tailor the wavefront. 
The wavefront discussed here is coma, defined on a unit circle by the Zernike polynomial 
Z(r, 9) = V8C(3r 3 - 2r) cos 9 for horizontal coma, (where C is the r.m.s. amplitude of the 
coma in units of the laser wavelength A). 

The intensity distribution of the focal spot was recorded on a 12 bit CCD camera using 
a microscope objective. The 'flat' wavefront setting produced a focal spot with a 1/e 2 
intensity radius, or waist, of w = 12 ± 1 fim. 42 % of the pulse energy was within the 
fwhm. This corresponds to a peak intensity of 4.0 x 10 18 Wcm -2 or a normalised vector 
potential of a — 1.4, where a = eA /(m e c) ~ eE /(m e uJoc) (A and E are the amplitude 
of the vector potential and electric field of the laser and uj is the laser frequency). For 
C = 0.175A horizontal coma the peak intensity reduced to 2.1 x 10 18 Wcm -2 , or a normalised 
vector potential of a — 1. The energy contained within the fwhm reduced to 25 %. 
Horizontal coma elongates the focal spot in the horizontal (x) direction, but it does not 
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do so symmetrically. For C = 0.175 A and x < the waist is close to the 'flat' wavefront 
case with w x<0 — 13 ± 1 /xm. However, for x > the waist is significantly increased to 
w x> o — 18 ± 1 /xm. Horizontal coma leaves the vertical (y) beam waist unaffected. 

To diagnose the effect of coma on the electron beam profile a scintillator screen (Kodak 
Lanex regular) was placed in the beam path and imaged onto a 12 bit CCD camera. A 
permanent magnet (B = 0.7 T, length 100 mm) could be moved into position between the 
gas jet and the scintillator screen to sweep the electrons away from the laser axis. The 
magnetic field dispersed the electrons in the vertical direction, the vertical (y) position of 
the electron beam on the scintillator screen is then a function of the beam energy (E) so 
that, taking into account the non-linear dispersion dy/dE and the response of the lanex to 
high energy electrons [TT] the electron energy spectrum dN/dE can be calculated. 

X-rays generated by betatron oscillations in the wake were recorded by an x-ray sensitive 
16 bit CCD camera (Andor 434-BN). The CCD chip had 1024 x 1024 pixels and was placed 
on the laser axis. The chip collection angle corresponded to 20 mrad x 20 mrad. The 
x-rays were only recorded when the magnet was in position to prevent the electron beam 
striking the CCD chip. An array of filters (Al, Zn, Ni, Fe) were placed directly in front of 
the CCD chip. Using the known transmission of x-rays [12J through the filters, and the CCD 
sensitivity, we find the critical energy E c which best describes the x-ray photon spectrum 
using a least-squares method [7j. 

The variation of E c with coma amplitude is shown in Fig. [jji). For the 'flat' wavefront 
we observed E c = 1.5 ± 0.5 keV. As the coma amplitude increases, a clear shift in the x-ray 
spectrum towards higher photon energies is observed, reaching E c = 4.0 ± 1.5 keV for 0.175 
A coma. The electron spectra shows a constant mean electron energy of (7) = 144 ± 7 for 
all the coma settings, implying that the change in E c is due to a change in the oscillation 
amplitude, r^. We calculate that the oscillation amplitude increases from r@ = 1.0 ±0.4 jim 
to T/3 — 3 ± 1 jim corresponding to an increase in the wiggler strength parameter from 
K = 5±2 to K = 17 ± 6. The largest oscillation amplitudes are slightly less than the 
radius of the wakefield (approximately X p /2 = 4.5 /im) and indicate that almost the whole 
width of the plasma channel is being used for radiation generation. Oscillations larger than 
this would not be supported and may indicate why, when larger amplitude coma wavefronts 
were used, no electrons or x-rays were observed. 

Integrating the signal recorded on the CCD and taking into account the expected photon 
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FIG. 1: a) Variation of the observed x-ray spectrum critical photon energy, E c with the amplitude 
of coma. For larger coma no x-rays or were observed, b) best-fit synchrotron spectra for a 'flat' 
wavefront (dashed line) and 0.175 A amplitude coma (solid line). The curves take into account 
the expected change in beam divergence and assume the duration of the x-rays is that of the laser 
pulse. The vertical lines indicate the position of E c . 



beam divergence, 6 ~ K/j, we estimate that as the coma is increased the number of photons 
remains approximately constant at (3 ± 1) x 10 7 photons per shot. The energy in the x-ray 
beam therefore increases, as expected for an increase in K. Two x-ray spectra are shown 
in Fig. [TJd) . While the peak intensity is reduced for the case of 0.175 A coma, there is 
significantly more intensity at the higher photon energies. 

The source of the change in the x-ray spectrum can be elucidated by examining the effect 
of coma on the electron beam. Figure [2] shows the variation of the electron beam profile 
and energy spectrum with the amplitude of coma. The electron beam profile images (each 
representing an average of five shots) show that the electron beam divergence increases with 
the amplitude of coma from ~ 10 mrad (fwhm) for the 'flat' wavefront to ~ 20 mrad for 
0.175 A coma. The images of the electron energy spectrum (each from a single shot) show 
the electron energy spectrum dN/dE as a function of the horizontal angle at which the beam 
exits the plasma For shots with the 'flat' wavefront and n e = 1.5 x 10 19 cm -3 the electron 
spectrum is broadband, extending in energy to ~ 120 MeV. For the 'flat' wavefront the 
electrons have an approximately constant exit angle, indicating a small betatron amplitude. 
With coma we observe an energy dependent exit angle, indicating a large betatron oscillation 
amplitude. This occurs because, for broad energy-spread beams, an electron's energy can be 
mapped to its phase within the plasma wave. Different energy electrons will therefore be at 
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FIG. 2: (color online) Effect of coma on the electron beam, a, b) 'flat' wavefront, c, d) coma 
= 0.175 A, a & c) show the electron beam profile (average from several shots) b & d) show the 
electron energy spectrum (from a single shot). The vertical axis is a linear energy scale and the 
horizontal scale represents the exit angle in the non-dispersion plane. 



a different phase of their betatron orbit as they exit the plasma, resulting in an oscillatory 
dependence of the exit angle with energy, as observed. 

The electron beam diagnostics show that, by tailoring the wavefront to create an asym- 
metric focal spot, the wake dynamics are sufficiently perturbed so as to increase the ampli- 
tude of the betatron oscillations. This is likely due to the promotion of off- axis injection 
due to the generation of an asymmetric wakefield by the asymmetric focal spot. Images 
of self-scattered radiation show that a long wavelength hosing of the channel sometimes 
occured; the likelihood of observing this hosing increased with coma. However, the hosing 
wavelength was significantly longer than the plasma wavelength so would not produce an 
energy dependent exit angle, and no correlation between the amplitude of the hosing and 
x-ray spectrum was observed. 

By tailoring the laser wavefront to produce an asymmetric focal spot we have demon- 
strated an ability to change the energy spectrum of the x-ray photons from a laser-plasma 
wiggler; increasing the number of high-energy [E ^ 5 keV) photons without the need to 
increase the laser power or electron beam energy. This offers an alternative route to higher 
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energy laser-based x-ray sources without the significant cost of PW laser facilities. On some 
shots we observe that the effect of the coma on the electron beam divergence is predomi- 
nantly in the plane of the laser asymmetry. If this effect can be controlled then it also offers 
a mechanism for producing polarized x-rays with a laser plasma wiggler. 

We acknowledge support from The Royal Society, the Marie Curie Early Stage Train- 
ing Site MAXLAS (mest-CT-205-02936), the Swedish Research Council and the EuroLEAP 
network. 



[1] W. P. Leemans, B. Nagler, A. J. Gonsalves, C. Toth, K. Nakamura, C. G. Geddes, E. Esarey, 

C. B. Schroeder, and S. M. Hooker, Nature Phys. 2, 696 (2006). 
[2] S. Karsch, J. Osterhoff, A. Popp, T. P. Rowlands- Rees, Z. Major, M. Fuchs, B. Marx, R. Hor- 

lein, K. Schmid, L. Veisz, et al., N. J. Phys. 9 (2007). 
[3] S. Kneip, S. R. Nagel, S. F. Martins, S. P. D. Mangles, C. Bellei, O. Chekhlov, R. J. Clarke, 

N. Delerue, E. J. Divall, G. Doucas, et al., Phys. Rev. Lett. 103, 035002 (2009). 
[4] A. Rousse, K. T. Phuoc, R. Shah, R. Fitour, and F. Albert, Euro. Phys. J. D 45, 391 (2007). 
[5] K. T. Phuoc, R. Fitour, A. Tafzi, T. Garl, N. Artemiev, R. Shah, F. Albert, D. Boschetto, 

A. Rousse, D. E. Kim, et al., Phys. Plasmas 14 (2007). 
[6] A. Rousse, K. T. Phuoc, R. Shah, A. Pukhov, E. Lefebvre, V. Malka, S. Kiselev, F. Burgy, 

J. P. Rousseau, and D. Umstadter, Phys. Rev. Lett. 93, 135005 (2004). 
[7] S. Kneip, S. R. Nagel, C. Bellei, N. Bourgeois, A. E. Dangor, A. Gopal, R. Heathcote, S. P. D. 

Mangles, J. R. Marques, A. Maksimchuk, et al., Phys. Rev. Lett. 100 (2008). 
[8] Y. Glinec, J. Faure, A. Lifschitz, J. M. Vieira, R. A. Fonseca, L. O. Silva, and V. Malka, Euro. 

Phys. Lett. 81 (2008). 

[9] E. Esarey, B. A. Shadwick, P. Catravas, and W. P. Leemans, Phys. Rev. E 65 (2002). 
[10] J. D. Jackson, Classical Electrodynamics (J Wiley & Sons, — 1999 — ), 3rd ed. 
[11] Y. Glinec, J. Faure, A. Guemnie-Tafo, V. Malka, H. Monard, J. P. Larbre, V. De Waele, J. L. 

Marignier, and M. Mostafavi, Rev. Sci. Instr. 77 (2006). 
[12] J. Hubbell and S. Seltzer, Available: http://physics.nist.gov/xaamdi [2009, July 20]. National 

Institute of Standards and Technology, Gaithersburg, MD. (2004). 

7 



